In the present study, we investigated the direct effect of ATP on cardiac gj by using the whole-cell clamp of paired ventricular myocytes, one of which was perforated to allow intracellular diffusion with extracellular solutions.7 We report here that gj is strongly affected by ATP from 0.1 to 5.0 mM and that this effect is direct and, thus, analogous to the effect reported on other sarcolemmal channels.
P rimary effects of ischemia on cardiac muscle include decreases of ATP and creatine phosphate within affected fibers. These decreases result in a depression of active transport systems, which elevates intracellular concentrations of Na+, Ca2+, and protons.1 Previous studies2-4 have shown that electrical coupling was suppressed when energy metabolism was inhibited by various experimental conditions, such as hypoxia or ischemia, or in the presence of metabolic inhibitors. In some cases, uncoupling effects have been shown to be reversed by intracellular injection of ATP2 or EDTA3 or by addition of glucose to the extracellular perfusate. 4 Abundant studies indicate that increases in intracellular concentrations of Na+, Ca2 , or protons5-7 cause cell decoupling, and it has been assumed that uncoupling effects of ischemia are due to changes in these ions. It has also been reported that in various tissues junctional conductance (gj) is either increased8-10 or decreased1l-13 as a consequence of cyclic AMP (cAMP)-mediated phosphorylation of the channel protein. Recent advances in cardiac electrophysiology have proved that some ionic channels in sarcolemmal membrane can be regulated by ligand-receptor interaction between ATP and channel proteins14 or by phosphorylation of channel proteins. 15 In the present study, we investigated the direct effect of ATP on cardiac gj by using the whole-cell clamp of paired ventricular myocytes, one of which was perforated to allow intracellular diffusion with extracellular solutions. 7 We report here that gj is strongly affected by ATP from 0.1 to 5.0 mM and that this effect is direct and, thus, analogous to the effect reported on other sarcolemmal channels.
Materials and Methods Preparations
Enzymatic procedure for the isolation of paired ventricular cells was modified from the method as described by Mitra and Morad.16 Briefly, guinea pigs weighing 150-250 g were killed by an overdose of pentobarbital sodium. The heart was quickly removed, and the aorta was immediately cannulated for Langendorff perfusion. Subsequently, the coronary artery was perfused backward with Ca2`-free Tyrode's solution for 3-4 minutes. Thereafter, the heart was perfused by 50 ml Ca2+-free Tyrode The method for measuring gj and the intracellular perfusion technique were essentially similar to those as described by Noma and Tsuboi7 except that the whole-cell clamp was carried out by using a singlepatch pipette instead of the double-pipette method. In brief, one cell of the pair was voltage-clamped with a giga-sealed patch pipette filled with pipette solution (Table 1) . After clamping the membrane potential of a paired cell at approximately 0 mV, bath solution was switched from normal Tyrode's solution (1.8 mM Ca'+) to a Cs+-rich and low-Ca'+ internal test solution (test solution 1). Subsequently, the nonjunctional membrane of the partner cell was perforated by crushing the tip of the other pipette against the cell. This procedure allowed access of bath solution to the junctional channel of the perforated cell. Under this condition, current from the clamped cell flows through two pathways. One is through the nonjunctional membrane of the clamped cell to the ground. The other is through the gap junction and the interior of the perforated cell to the ground. The equivalent circuit after perforation of the nonjunctional membrane of the partner cell is illustrated in Figure 1 (1-5 Mfl) was always 1% or less of input resistance (the parallel sum of the seal and nonjunctional membrane resistances) and was compensated by the series resistance compensation circuit in the amplifier. Access resistance of the electrode produced by cellular materials plugging the pipette was not compensated. However, changes of access resistance were considered to be negligible, because the negative pressure of pipette and the input resistance under control condition at 5.0 mM ATP were kept constant. Paired cells having gjs of larger than 100 nS were used in our experiments. When membrane leak conductance increased noticeably within 3 minutes after cell membrane perforation, the cells were discarded. Ramp command potential between -30 and +30 mV with a duration of 2.5 seconds was applied to the clamped cell every 6 seconds. gi was calculated from the slope conductance of the current output.
Values were presented in mean+SEM unless otherwise stated. Statistical analysis was performed by Student's paired t test, and values of p<0.05 were considered to indicate a significant difference. Results
Control g, Figure 2 illustrates changes of gi after the perforation of the nonjunctional membrane of the partner cell. Current output in response to the command potential of +30 mV was increased suddenly after the perforation (Figure 2A ). The experiment was carried out at 5.0 mM ATP in the bath solution.
Therefore, the average value of gi was increased from 47±3 to 292±15 nS (n=88) ( Figure 2B ). The current-voltage relations before and after the perforation were linear over the range from -30 to +30 mV ( Figure 2C) Application of these three substances for 5 minutes in the medium containing 5.0 mM ATP had no significant effect on gj (Table 2 ). Figure 5 shows effects of forskolin (30 ,uM) and cAMP (50 ,uM) applied for 3 minutes in the low ATP (0.5 mM) medium. These substances did not reverse gj values, which had been decreased by the ATP reduction (Table 3) . These findings may indicate that opening of gap junction by ATP is not mediated by cAMPdependent phosphorylation of channel proteins. between ATP and channel proteins.14 The ATPdependent change in gj might be explained by a similar mechanism. We tested this alternative possibility by using nonhydrolyzable ATP analogue (adenylylimidodiphosphate) and ADP. Application of adenylylimidodiphosphate (2 mM) or ADP (10 mM) to the internal bath solution containing 5.0 mM ATP did not affect gj (Table 3 ). Figure 6 shows experiments in the low (0.5 mM) ATP medium. Application of adenylylimidodiphosphate (2 mM) caused a partial and transient reversal of gj that had been decreased by the ATP reduction from 5.0 to 0.5 mM. Peak gj values during adenylylimidodiphosphate application were 56% larger than the pretreatment level at 0.5 mM ATP (Table 3) . However, the increment of gj was not maintained and dissipated spontaneously within several minutes ( Figure 6A) .
Application of ADP (10 mM) at 0.5 mM ATP
did not cause such a partial reversal of gj ( Figure   6B , Table 3 ). 
